To meet increasing competition, get products to market in the shortest possible time, and satisfy demanding customer expectations, products are made more robust while few failures are observed in a short development period it now takes to design and produce a product. In this circumstance, assessing product reliability based on degradation data at high stress levels becomes necessary. These data are typically generated through accelerated degradation tests (ADT). There is a need to scientifically design these test plans as a good test plan can save time and expense and provide more accurate estimates of reliability for the same number of test units and test time. Extracting reliability information from degradation data is different from extracting reliability information from use stress level, which makes degradation test planning more difficult. But, when carrying the accelerated degradation tests several decision variables such as inspection frequency, the sample size, and the termination time at each stress level are important.
INTRODUCTION
Today's manufacturers are facing new pressures to develop highly sophisticated products to match rapid advances in technology, intense global competition and increasing customer expectations. As a result manufacturers must produce components in record time, while improving productivity, reliability, and overall quality of the component. It is a significant challenge to design, develop, test and manufacture highly reliable products within short turn around times and remain within the stringent conditions required by the marketplace. Estimating the time-to-failure distribution or long-term performance of components of high reliability products is particularly difficult. Most modern products are designed to operate without failure for several years. Thus few units will fail or degrade to a significant amount in a test of practical length at normal use conditions.
Traditionally, accelerated life tests (ATs) are often used to access the life time information of products. These tests record the times-to-failure of the products. Generally, information from tests at high levels of stress (e.g., usage rate, temperature, voltage, or pressure) is extrapolated, through a physically reasonable statistical model, to obtain estimates of life or long term performance at lower or normal levels of stress. In some cases stress is increased or otherwise changed during the course of a test (step-stress and progressive-stress). ATs have become increasingly important because of rapidly changing technologies, more complicated products with more components, and higher customer expectations for better reliability. However this approach may offer little help for highly reliable products which are not likely to fail during a rather short period of time. Another approach assumes that there is a product characteristic whose degradation over time can be related to reliability. This approach describes the degradation data at higher levels of stress and then uses these data to predict the product's life under use conditions. Such a test is called an accelerated degradation test (ADTs).
ADTs can provide considerably more reliability information than time-to-failure tests when few or no failures can be observed in the time period of the test. Furthermore, direct observation of the degradation process allows direct modeling of the failure-causing mechanism, and yields better insight into the degradation process and on how to improve the design.
Because accelerated degradation tests are expensive, it is essential to plan them carefully. Good test plans yield better results for the given cost and time. Poor test plans waste time and money, and may not even yield the desired information. When conducting an accelerated degradation experiment, the experimenters will frequently encounter the following questions. "How long should the test be run?" or "How many units should be tested at each stress level?" A scientific plan is needed in this situation to get the most efficient use of test resources and obtain an accurate estimate of the life of units under the normal use conditions.
BACKGROUND THEORY
During the 1990's Nelson [3] , (chapter 11) provided a fairly thorough survey on ADT, which included areas of applications, statistical models, describes basic ideas on ADT models, and, using a specific example, shows how to analyze a type of degradation data. Carey and Koenig [4] (1991) have described a data-analysis strategy and a model-fitting method to extract reliability information from observations on the degradation of integrated logic devices that are components in a new generation of submarine cables.
General Degradation Path Model
Lu & Meeker (1993) use the following model for the analysis of degradation data at a fixed level of stress (i.e., no acceleration) and to estimate a time-to-failure distribution. They denote the true degradation path of a particular unit(a function of time)by D(t), t > 0.In applications, values of D(t) are sampled at discrete points in time,t 1 ,t 2 ,….The observed sample degradation path for unit i at time t ij is a unit's actual degradation path plus error and is given by y ij = D ij + Є ij , i = 1,…..,n j = 1,2,……,m i (1) where D ij = D(t ij ,β i ) is the actual path of the ith unit at time t ij (the times need not be the same for all units),
is a deviation from the assumed model for unit i at time t ij , β i = (β 1i ,…. Β ki ) is a vector of k unknown parameters for unit i. The deviations are used to describe the measurement error. The total number of inspections on unit i is denoted by m i . Time t could be real-time, operating time, or some surrogate like miles for automobile tires or loading cycles in fatigue tests. Typically small paths are described by a model with k=1, 2, 3 or 4 parameters. Some of the parameters in β will be random from unit-to-unit and some of them could be modeled as constant across all units.
The scales of y and t can be chosen to simplify the form of D(t,β). The choice of a degradation model requires not only specification of the form of the D(t,β) function, but also specification of which of the parameters in β are random and which are fixed and the joint distribution of the random components in β. Lu & Meeker (1993) describe the use of a general family of transformations to a multivariate normal distribution with mean vector µ β and covariance matrix Σ β .
Degradation Model with Random Coefficient
Let η(t) denote the quality characteristic (degradation path) of the product at time t. Assume that there exists a suitable function ω(.) such that , 0 , )) (
where α > 0 is a fixed and known constant; β>0 is a random coefficient that varies from unit to unit.
PROBLEM DESCRIPTION & FORMULATION
It is important to consider certain issues on how to plan a test to provide the most efficient use of resources especially as it relates to conducting an accelerated degradation test. Those issues include:
• The levels of stresses that should be used in the test.
• The number of units that should be tested • The proportion of units allocated to selected levels of stress • The time intervals between measurements • The termination time for the test All these factors involved in test planning not only affect the total cost of the test, but are also influential on the experimental efficacy.
The Optimization Problem
The following decision variables are important in conducting an ADT efficiently [1, 2] . These variables not only affect the experimental cost but also affect the precision of estimating the MTTF ( 0 φ ).
• How is an appropriate inspection frequency (f i ) determined? • How many times (l i ) should we inspect the product's performance at each stress level? • How many devices (n) should be taken for testing at each stress level? In order to measure the precision of estimating the MTTF, the expected width is calculated. The expected width is the MTTF at both the lower and upper confidence intervals of 0 φ .
The following notation is used in the optimization problem. 
METHODOLOGY
In order to solve the optimization problem mentioned in Eq (3), first we need to compute the Mean-Time-To-Failure.
The Mean-Time-To-Failure
The product life time (τ) is suitably defined as the time when η crosses the critical level D. From Eq (2), τ can be expressed as
Taking natural logarithm on both sides
[ ]
Since β follows reciprocal weibull distribution, -ln β follows extreme value distribution with scale parameter u, and location parameter b (which is denoted by -ln β ~ Extreme (u, b)) and in equation (6) 
Here, the problem is to design an efficient ADT such that Φ 0 can be estimated precisely.
The optimization problem can be solved by using the following steps.
• 
EXAMPLE
The applicability of the proposed model is demonstrated by a numerical example. The purpose of the experiment is to estimate the reliability of LEDs (type GaAlAs) at normal operating condition with temperature S 0 = 278 K (5 0 C), by using the degradation data obtained at three accelerated stress levels, S 1 = 298 K (25 0 C), S 2 = 338 K(65 0 C), S 3 = 378 K ( 105 0 C). 25 LEDs were put on test at each of the three temperatures. A UDT-81 optometer was used to measure the LED luminous flux (in lumens) every 336 hours for 29 inspection times.
The lifetime of an LED is defined as the time it takes for the light output to reach 50% of its initial value. The average lifetime specified by LED manufacturers is 100,000 hours. This does not mean the LED will cease to operate after 100K hours; in fact, most LEDs will function for thousands of hours beyond the specified value. It means that after 100,000 hours, the LED will be half as bright as its initial luminosity level. Let ) (t ij ω denote the observed standardized light intensity of the jth LED at time t under S i . Assuming the weibull shape parameter (δ) and the scale parameter (θ) respectively as 39.30 and 7.13, the data is generated using simulation. And using the Arrhenius relation between temperature and time the data is generated at three higher stress levels. Fig 1 shows 
Sensitivity Analysis
In practical situation, some parameters of the LED problem (e.g., u, b, 2 ∈ σ , the cost parameters, etc) in the previous section are not well known. Thus, it is important to investigate the effects of these parameters on the optimal test plan. Considering the following cases for the above LED data, the effects of these parameters can be found. 
